In this technical note, we address the comments on the energy estimates for Magnetoelectric Spinorbit (MESO) Logic, a new logic device proposed by the authors. We provide an analytical derivation of the switching energy, and support it with time-domain circuit simulations using a self-consistent ferroelectric (FE) compact model. While the energy to charge a capacitor is dissipated in the interconnect and transistor resistance, we note that the energy to switch a capacitor and a FE is independent of the interconnect resistance value to the first order. Also device design can mitigate the parasitic energy losses. We further show the circuit simulations for a sub 10 aJ switching operation of a MESO logic device comprehending: a) Energy stored in multiferroic; b) Energy dissipation in the resistance of the interconnect, Ric ; c) Energy dissipation in the inverse spin-orbit coupling (ISOC) spin to charge converter Risoc; d) Supply, ground resistance, and transistor losses. We also identify the requirements for the resistivity of the spin-orbit coupling materials and address the effect of internal resistance of the spin to charge conversion layer. We provide the material parameter space where MESO (with a fan-out of 1 and interconnect) achieves sub 10 aJ switching energy with path for scaling via ferroelectric/magnetoelectric/spin-orbit materials development.
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The switching energy of a Magnetoelectric Spin-Orbit (MESO) logic device [1] is composed of the sum of all the dissipation sources and energy storage: energy stored in the magnetoelectric ferroelectric (FE) (ECME), and dissipation in the interconnect (EIC), dissipation in the spin to charge conversion layer (EISOC), dissipation in the supply and ground path resistances (ESG), and dissipation in the power supply transistor resistance (ERT).
The total energy of a MESO state transition
Figure 1. ((Charge equivalent circuit for MESO)) MESO device [1] comprising a magnetoelectric (ME) switchable capacitor representing the MESO input loading combined with a spin to charge transduction mechanism for the MESO magnetic state read-out. The spin to charge conversion is modeled as a current controlled current source with an internal resistance
Risoc, the charge dynamics of the ME are modeled with a ferroelectric capacitor. Ric is the interconnect resistance forming the charge interconnect ab. η is net spin to charge current conversion ratio.
Equivalent charge circuit model for MESO logic device for energy calculation
MESO logic device comprises: a) magnetoelectric capacitor for voltage controlled switching of a ferromagnet (FM); b) a spin to charge conversion layer for charge readout of the magnetic state of the FM; and c) a charge interconnect connecting the MESO devices. An equivalent lumped element charge circuit model to capture the functioning of the MESO device is shown in Figure 1 .
Nodes a and b represent the two ends of the charge interconnect with interconnect resistance (Ric).
The spin to charge conversion element formed with inverse spin-orbit coupling (ISOC) materials is shown between node n and a. The ISOC module is modeled as a current controlled current source (CCCS) with an internal parallel resistance (Risoc) [2, 3] . The charge dynamics of the magnetoelectric node are modeled via a ferroelectric capacitance (Cme) [4] . We present both an analytical expression for the total energy of a state transition of MESO, including the sum of all the dissipation and storage sources viz. energy stored in the ferroelectric (magnetoelectric), dissipation in the interconnect, dissipation in the supply-ground path, dissipation in the power supply transistor. We provide an analytical derivation of the transition energy, and support this with time-domain circuit simulations using a self-consistent ferroelectric compact model. The equivalent charge circuit is applicable for calculating the energy due to charge dynamics and does not capture the vector spin dynamics [1] .
The explanation for the total energy of MESO device is as follows a) The energy to switch a capacitor and FE is independent of the interconnect resistance to the first order [2, 3] b) The current shunted in the spin to charge conversion current source depends on the equivalent source resistance (RISOC), which is material dependent parameter c) The losses in the parasitic paths are second order 4 and device design can mitigate the energy losses extrinsic to magnetoelectric/ferroelectric switching. We also present an example method for mitigating energy losses extrinsic to magnetoelectric switching via proper choice of supply-ground path resistance (Rs). Section 2 provides a simple analytical derivation for the MESO switching energy. Section 3 provides detailed material and device parameters as well as analytical models used in benchmarking MESO with CMOS [5] . Section 4 describes results of time domain circuit simulation showing: a) the operating regime for MESO; b) impact of internal resistance of the ISOC source (Risoc) and supplyground path resistance (Rs). It provides an example of MESO operation at 10 aJ per switching transition comprehending all the energy delivered from the power supply. In Section 5, we respond to specific statements of the comment [6] .
Energy calculation and scaling for MESO logic device

a. Switching energy of a capacitor/ferroelectric is independent of the interconnect resistance
We first note that the energy to switch a capacitor (or a fixed charge switchable device such as a ferroelectric) is independent of the interconnect resistance. For simplicity, we start with a linear dielectric capacitor. In the first stage it is switched from voltage 0 to voltage V through an interconnect of resistance of R by a voltage supply of V. We see that, the interconnect dissipated energy is independent of the interconnect resistance, sources Viz. energy stored in the FE, dissipation in the interconnect, dissipation in the supplyground path, dissipation in the power supply transistor. We now consider two simplified equivalent models for the MESO for the energy consumption calculation comprising of the power supply (pulsed), Supply-ground path for spin to charge conversion, SOC current source, interconnect resistance and equivalent capacitance for ME. Figure 3A shows the simplified equivalent circuit to derive an analytical expression. We convert the spin to charge conversion current source (a current controlled current source) to a voltage source using Thevenin equivalence in Fig.3B . Energy to switch the FE and the interconnect losses: The total power dissipated in the interconnect resistance Ric and the ISOC internal resistance Risoc can be combined into R'. The power dissipated in the Ric, Risoc and stored in ME capacitor are given by: 
Where α is a circuit dependent function of transistor resistance, supply-ground path resistance.
The total energy of MESO can be written as
MESO parameters and benchmarks
Here we provide a detailed MESO switching energy calculation following the methodology of beyond-CMOS benchmarking [5] . In the course of derivation we will elucidate the misunderstanding about the MESO mode of operation leading to incorrect performance estimates [6] . As the reader will see, the estimates below are in approximate agreement with the rigorous SPICE simulations (Section 4). For our estimates we assume the following material and device parameters ( Table 1 ). The calculation of the circuit area is outside the scope of this section. The charge circuit model of MESO operation is shown in Figure 1 . Even though CMOS auxiliary circuits play a crucial role in the operation of MESO, here we will not describe the performance of a CMOS transistor. For details please see [5] .
I.
Magnetoelectric effect.
In order to achieve the magnetoelectric field necessary to switch a nanomagnet, the following electric field needs to be applied to the multiferroic BiFeO3:
(For the definition of terms in Eq. (3.1) see Table 1 below). The total charge at the terminals of the multiferroic capacitor comprises the saturated ferroelectric polarization charge at the interface and the linear dielectric polarization in response to the applied electric field: Resistance of a power or a ground distribution network
The voltage drop on the magnetoelectric element is
The time to charge the multiferroic capacitor from 0 voltage to
Since the charge in the capacitor needs to be changed from From the treatment below we will see that the capacitor charging time is limited also by the intrinsic switching time for the ferroelectric BFO to reverse polarization, fe  . However the magnetization is even slower to react to the applied exchange bias and takes optimistically the following time (optimistically) to complete the precession:
Where the gyromagnetic ratio is
The total time is obtained as the combination of the above two times:
Where the last term makes the dominant contribution. The capacitance of the magnetoelectric element is
And the switching energy is
II. Spin-orbit coupling effect.
The power supply enable transistor provides current c I traveling through the ferromagnet. This current is related to the supply voltage sup V and the total resistance in the supply path.
The enable transistor is in the linear regime. Its resistance is related to its width:
This transistor width (wx) is set by the objective to provide sufficient current to be converted by spin-orbit effect. The value of this width turns out to be smaller than a minimal transistor width.
That means that one transistor can be shared to supply current to several parallel MESO devices, or a longer than minimum transistor channel length is used.
The resistance across the ferromagnet and spin-orbit coupling stack in the supply path is:
We assume that the contact resistance is included in the definition of the I-V characteristic of the MOSFET. RON resistance is related to the on-current per unit width at the low source-to drain voltage and high gate to source voltage
The current extracts spin polarized current from the ferromagnet in the vertical direction Where wm is defined in table 1. This current source is related to the voltage it can produce, which must be equal to the magnetoelectric voltage:
The resistances in the charging path in the equation above are the ISOC current source internal resistance (longitudinal resistance of the thin ISOC layer), the resistance of the ferroelectric capacitor, and the interconnect resistance. The resistance of the ferroelectric capacitor is caused by damping in the ferroelectric and is related to the ferroelectric intrinsic switching time
The ISOC current source needs to be active over time me  , necessary to charge the magnetoelectric capacitor. Thus energy dissipated in the vertical, supply path of the circuit is given by Joule power dissipation as: We can show that For a characteristic interconnect between MESO elements, the switching time is calculated according [7] :
as well as the interconnect switching energy:
Here one needs to substitute for the load capacitance The intrinsic device in our case means 'one MESO element'. The way we calculate the performance of more complicated circuits, such as a 32-bit adder and an ALU, follows [5] .
Energy dissipation in the charging path of the circuit, is not a separate contribution to switching energy. It is equal to the energy accumulated in the magnetoelectric capacitor and just represents the way this energy is dissipated each time the voltage is turned on or off (see Section II for the explanation).
Thus the total intrinsic device switching energy is composed of
The results of the calculation following the method of [7] are summarized in Table 3 . Therefore we confirm the original estimate [1] that the switching energy of the MESO device with an interconnect is below 10aJ.
SPICE simulation of the charge circuit with equivalent ferroelectric model
We validated our assumptions of the charge transport in the MESO device via a SPICE circuit simulation solver using compact model that comprehends the physics of the ferro-electrics and the spin to charge conversion. We model the ferroelectric switching dynamics of the magnetoelectric using Landau-Khalatnikov (LK) equation:
Where QF is the ferroelectric polarization, ρ internal equivalent resistance (damping term) of the ferroelectric, U is the energy density per unit area, α, β, γ are the rescaled internal anisotropy constants of the FE. The ferroelectric switching exhibits a non-linear equivalent capacitance
during the charging and discharging of the ferroelectric.
Figure 4. SPICE Simulation of MESO showing the self-consistent charge dynamics of the MESO device (for clarity of transient waveforms we simulated a 8 fC stored ferroelectric charge which is significantly higher than a scaled MESO logic device) (A) Charge circuit model for MESO with ISOC current controlled current source and ME capacitor modeled with Landau-Khalatnikov equations B)Voltages applied/measured at supply transistor gate (V(dd)), magnetoelectric capacitor (V(b)), interconnect (V(a)) and the transistor terminal (V(n)) C) Current and charge across FE capacitor D) Currents measured through ISOC internal resistance (Risoc), supply resistance (Rs), supply transistor (M) & interconnect resistance (RIC) ( Pulse width=500ps,
Risoc=Rs=5k, Vdd=150mV (clk), Vg=1V (dc))
We perform time domain self-consistent SPICE simulations comprehending the ISOC current controlled current source with the non-linear dynamics of the Ferroelectric. The typical switching dynamics are shown in Figure 4 . The supply is turned on from 1 ns to 1.5 ns. The switching dynamics at node b (FE capacitor terminal) are consistent with a ferroelectric switching via internal polarization dynamics. The charge and current through the FE capacitor is shown in Figure 4 .C.
The current is consistent with classic FE switching pulse followed by a non-polarizing pulse at the end of the applied voltage. We show the impact of the ISOC internal resistance and in particular show that interconnect current is close to the supply current for high internal resistance SOC materials. The currents measured through the various branches show that ISOC generated charge current is shared between the internal shunt path resistance and the interconnect resistance. The extent of shunting via internal resistance depends on the resistivity of the ISOC material ( Figure 5) .
We study the impact of the supply resistor (Rs) on the switching dynamics of MESO. We show that the impact of supply path current (i.e., current through the resistor Rs) can be mitigated by a higher impedance without impacting the interconnect current and the switching dynamics of the ferroelectric ( Figure 6 ). 
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The total energy of MESO is smaller than 10 aJ for scaled device dimensions with scaled material
properties. Figure 7 . shows the charge dynamics of a scaled MESO with ~35 aC stored charge corresponding to 35 µC.cm -2 FE polarization charge density on a 10 nm X 10 nm ME capacitor.
The impact of the supply current path can be mitigated via use of high resistive path to limit the current to the required magnitude for switching (Figure 7 .B). A supply voltage of 100 mV is applied for 15 ps in Figure 7A , and the resultant voltages at magnetoelectric capacitor (V ( aC can be observed in Figure 7C . The current in the interconnect follows the voltage difference across the transistor node and the FE node.
We probe the total power delivered by the supply for the scaled MESO to comprehend the effect of energy loss/storage from all the parts of the device. Figure.7D shows that the total integrated energy per switching transistion is ~ 10 aJ. We note that these devices assumed ~ 35 aC of stored polarization per device which is equivalent to 35 µC.cm -2. Further significant scaling in total energy is possible with a reduction of the FE polarization. 
Misconceptions about MESO switching
Let us point out the differences between our analysis and the alternative treatment of switching performance in [6] . That work states:
"the paper neglects a large energy cost associated with Ohmic dissipation that is unavoidable within the MESO scheme."
In fact, the above derivation showed that we had accounted for Ohmic dissipation and this part of energy is not excessively large.
"In estimating the total energy cost of this process, ref. [1] asserted that the dominant energy cost is associated with the electrostatic energy stored on the capacitor CME. … Reference [1] did not take into account that, like any current source with an internal resistance much less than the load, more power will be dissipated within the internal resistance than delivered to the output, in this case much more."
As shown in Section 2 below, in the case of the capacitor being charged via a current source with finite output resistance and a interconnect (with resistance), the energy dissipated in the resistances and the energy stored in the capacitor are closely related. Therefore we believe we have correctly accounted for the total power dissipation in this circuit. mΩ.cm. We further clarify the requirements of the spin to charge converter. We note that the material forming the current controlled current source is required to be a low conductivity material. the magnetoelectric capacitor CME will discharge through RSCC and switching will not occur."
The author of [6] has probably mistaken the time  it does not provide any benefit; and in fact, in our scheme the access transistor switches off the current in the supply path after this time and thus stops the ISOC current source.
Therefore the author of [6] significantly over-estimated the on-time for the current source.
"Assuming the optimistic parameters stated in ref. [1] : that a voltage of 100 mV must be applied to the magnetoelectric capacitor for 100 ps to drive switching and that RSCC = 10 Ω, the energy cost due to Ohmic dissipation in RSCC for each switching event is (100 ps) (100 mV)2/(10 Ω) = 100 fJ."
As we have pointed out above, the resistance in this path is much larger than  10 , i.e. 25k.
Together with the exaggerated time "on", this estimate is 4 orders of magnitude larger that the correct one, Eq. (2.7, 3.20). Also please refer to simulation of a scaled MESO in figure 7 . The author of [6] overlooks the dominant resistance in this path -presented by the access transistor. Its resistance combined with the wiring resistance is   k R sum 78 , which is much larger than the 5Ω estimate used in [6] . This leads to a current in this path
, which is much smaller than the estimate of 10 mA from [6] . Together with a shorter "on" time for the pulse we arrive at the estimate of energy lost in this path in Eq. (3.18), which is orders of magnitude smaller than in [6] . The total energy calculation presented in SPICE simulations (Figure 7) comprehends all the energy dissipation mechanisms.
Conclusions
In summary, we have presented here a detailed discussion on the energy consumption of a magnetoelectric spin-orbit logic gate, which uses magnetoelectric switching for switching the ferromagnet and a spin to charge conversion layer for generating the charge read out. We show analytically and with a compact circuit model and SPICE circuit simulation, the operating dynamics of MESO. We presented a time domain example where the total energy including all the dissipation methods is ~ 10 aJ per switching transition. Further significant scaling in total energy is possible with improvements in the materials properties of ISOC and magnetoelectrics.
